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to proceed efficiently and orderly. Inspired from nature, this study combined the advantages of both natural enzymes

and nanozymes to construct a microencapsulated reactor that simulates the enzymatic cascade reaction in vivo. First,
the natural aluminosilicate mineral halloysite nanotubes (HNTs) were used as a carrier to in situ generate iron
tetroxide (Fe,0,) with horseradish peroxidase-like activity on its surface. Then, it was used as a capsule wall material
to encapsulate natural glucose oxidase (GOx) , forming the GOx@Fe,0,-HNTs microcapsule reactor. When glucose is
added into the system, the GOx within microcapsule reactor will first convert the glucose into gluconic acid and hy-
drogen peroxide (H,0,), and the H,0, will continue to be catalyzed by Fe,0, from the capsule wall and converted into
hydroxyl radicals, triggering the color development of the substrate 3,3’,5, 5 -tetramethylbenzidine (TMB). Among
them, Fe,O,-HNTSs not only serves as the capsule wall material to protect GOx from environmental interference, but
also can conduct a cascade catalytic reaction system with GOx. This kind of enzyme-nanozyme microencapsulation
cascade system makes it have better catalytic performance and reaction stability than the natural enzyme systems.
In addition, due to the participation of magnetic Fe,0,, the material is also recyclable and reusable. This
enzyme-nanoenzyme composite microcapsule reactor provides a new method for simulating a multi-enzyme reaction
system in the confined environment of organisms, and also lays a foundation for subsequent research in the fields of
bioanalysis and biomimetic catalysis.

Keywords Nanoenzyme; Microcapsule reactor; Halloysite nanotube; Glucose oxidase; Cascade reaction
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Scheme 1 Schematic of construction and cascade reaction process of GOx@Fe,0,-HNTs microcapsule reactor
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BT 100 mL 47k 45 85, T 70 CR##0. 9723 g FeCl, - 6H,0 F10. 5000 g FeSO,* 7H,0 IN A% H
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LA EREHINAE 655 nm &b (W .

12.6 pHAmEE A ZE Bl 2 ¥ GOx@Fe,0,-HNTs Fliif 55 i 14 22 (GOx+HRP) 43 B 75 A [] pH {1 Fi4 fits
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HNTs & A % (1 mg/mL) #1200 pL TMB(2 mg/mL) , F43 7 A 500 pL AS[FVEE (1, 10, 20, 40, 60,
100, 200 pmol/L) AR ZHHAR , T 37 ‘CIRE 45 min, F)FHLEAM-0T U406 BE T 8 IS AE 655 nm &b
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Fig. 1 XRD patterns(A) and FTIR spectra(B) of HNTs, Fe,O, and Fe,O,-HNTs(CTAB), SEM images of
Fe,O,-HNTs(CTAB)(C), GOx@Fe,0,-HNTs(D) and relevant energy spectrum(E) of GOx@Fe,0,-
HNTs microcapsules, TG curves of HNTs, Fe,0,-HNTs(CTAB) and GOx@Fe,0,-HNTs microcap-
sules(F) and surface contact angles of Fe,O,-HNTs(G) and Fe,O,-HNTs(CTAB)(H)
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W& 1(B) B FTIR Y61 Bk , HNTs 76 559 X 3696 13619 em™ b H 38 1 458 i 43 2404 , X 2
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MidEsh, HELLE 467 1537 em™ AL AR IS4 43 5 & T Si—O—Si Fll Al—0—Si IS fh ik 50, T7E 690, 754
11027 em™ &b WS U4 Sy Si—O—Si IR AHIIR Bl . HNTSs 1 Fe,0, LT AMF AL Y H PR AE 2 CTAB B
IKMVE G 1Y Fe,0,-HNTs () FTIR Y3 b, Hod HNTs i) O—H #iH 3R sh F125 gk 5716 AT iE 2 5 Fe,0,
) Fe—O FHEIEEE .

FES I SEM BE AL 1(C)FN(D) 1R, ZESHE Fe,0,-HNTs E-G MR, Fe,0, 48K W0k: 6 © 7125
TE HNTs i, KA I GOx@Fe,0,-HNTs & A1 i Wik . THACERE | TR TR S A2 A 4T SR A
Fiotdk, FTRE LSS TMOS S8 5 HoA RAFras ffese b, 765 SLiUi (B GOx b1 TREAE 2%
RSN B SE G, AN PRAMN RIS A0 AR R . pH 46 I Ak i H Bk M s AR 46 ) T, £
WE T T AR S 0 SE G RS e ME s sl . R A R R [ 1 (E) 1 AT AIE Y, N
FHEESHO, Si, Al, Fe, C, N, Br& e X, Hi 0, SIAALCE N HNTs FFSHARICE, O flFe LR
HVETF Fe,0,90KFk:, C, NAIBr G2 K IET GOx FIZR NG 7 CTAB, Frifil & 2 A N T & e %
Tl 5 0k 2, pE— A R i FE ML, LA Fe,0,-HNTs H4ERE | 0K GOx B2 T Fe,0,-HNTs
THEN .

K 1(F) >k HNTs . 2 Fe,0,-HNTs &2 441 £ A K GOx@Fe,0,-HNTs &2 A 18 i A 28 . N
ATLAE Y, FTA RS N E T ~200 “CRY T IR R E, X AT RE A2t RS 10 P35 16 A 1) db AR 25 44 v 2 )
TK B9% & P E ;. 78 400~600 “CHYTREE X [a] N, HNTs FIZPE Fe,0,-HNTs 59 it 3B B R I, % 8 2
F T B TR 2R T R L U IR AR LSS M B R I ;. 55 HINTs RTCPE Fe,O,-HNTs AH LG, il
7% 1) GOx@Fe,0,-HNTs & A THHE7E 400~1000 “CIL I Bl A A9 BTS2 370N, X R B Fe,0,-HNTs 2 RE X}
TN COxAEH] T EH .

Fe,0,-HNTs 28 3 1 1 75 /1] CTAB B VE i 5 942 fil /1 an &1 1 (G) #1 (H) B s . AWK ] LA
Fe,0,-HNTs [ /K 35 il 1 S}y 47. 67, 1M Fe,0,-HNTs (CTAB) ¥ 7K 35 fish £ 4 60. 7°, 8] CTAB %I T Fe,0,-
HNTs 1A HLEc: BA BiKSCR .

2.2 MRS

221 /KB E R 2L Fe,0,-HNTSs 2 23 H0H A9 FHAH GiliAe ) s A& GOx i 4K )5, 18
SPRHLAPGERERE T (1000 v/min) , LA CTAB 2 116 M5 S0 1) Fe,0,-HNTs 7 3H/7K B 195K 1 22 FEAIR,
TR B AL 7K Y GOx@Fe,0,-HNTs &2 45 G0 5 22 1] FH2AH AR 2LV i A TMOS #E 47 22 Bk
TMOS 19 7K fiff 5 1o 2% 1T 2 M0 18 D0 48 R 454 1) AL RE 2 8 GOx@Fe,0,-HNTs &2 45 T8 M AH % 72
FKAHG, AT APRIE AR S 25 A SE bk . Wi 2 7R, il 28 10 52 5 L (R R AR 7E 30~200 pum
Z 1], 3K AT RE A TP ALK FLIBOE B R v, ST3RALA R TE L AN RO B 3T D) AN
AT AT A e =22 (R LA A 22 5. Bz SORELIR A IR 5 7KORH B4 EAB] . S0 5B 0 140 5 AR i
L RE R R ORI . S, [ A1 ML 3 (1000 v/min) AT AH 7 Fe,0,-HNTs B9 3 FE (2 mg/mL) ,
0 B AR S KA AR L (1021, 2011, 40: 1) RN R/NS S . WE 2Rl IEH, 24

PR BOWTT o Zo IO Wy
UREHELT B

¢
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Fig. 2 Optical microscopy images of GOx@Fe,0,-HNTs microcapsules under the oil/water ratios of
10:1(A), 20:1(B) and 40:1(C)
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K A 102 T, R e i A2 /N T 30 pm HLAAFE RS , 30K 52 0 i 22 58 I 590 7 R i 1
BI510 A0 5 MoK EE R 40 1B, S AR KT 80 wm, 23 USRI VAR TR, (e
RSB A P R P BB AR Bl 5t . PRI, BEFRI/ZK FE R 20 1R B I ( AR 24 80 wm) R S 4k
222 RBAHENZH  MAKMHF Fe,0,-HNTs 55 U FE A 622 B A I F AT LA ), TMOS 225
FIE I (50, 80, 100, 200 L) A LA 5400 Fe,0,-HNTs 25 .U B AL KA TR A . BT 3(A) F1(D)
ATRVE H, M TMOS M A /D, 2 80 ) K AR R 1 o e b R R IR A e 46 5 17724 TMOS
P i 20, o B sCIVE & S 80l 2 R B AR . & 3(C) s, 24 TMOS i A &0
100 L ISF, e 280k S0 SO e 7 B K AR FE TE SR ORR A S8, BB 3 I e vT RE T3 IN VO 0. GOx T

HHBEMIRE . PR, JREp

Fig. 3 Optical microscopy images showing the effect of TMOS cross-linking agent additions(50, 80, 100,
200 pL) on the intact structure of Fe,O,-HNTs hollow microcapsules from aqueous phase

2.3 Fe,0,-HNTs Hy2id S MERE &

4G, X Fe,0,-HNTs i 28 i ALYl E PR AT T %% A& 4(A) B, 1k Fe,0,-HNTs, H,0,
TMB [RIFFFAERY 25 F T, 7E 655 nm ARSI S i R 5 TIAEBAT TMB L H,0, 5% Fe,0,-HNTSs 771 (11§
BLT , 72655 nm AEBAT H B RLAY IO , 335 R ARAUGS AL T T HAT 1 i SR A W i A e 1k —
B, RUIRPR Y Fe, 0, A 2 ALY BETE P, RES HLO, /™A= - OH, BJS - OH % fL TMB, 4=
oxTMB 4 AL, (VW A AR B (A RSN . NI e S VAR R A AE - OH, DL SN B A - OH TR i
A FIR R NARZR T, W 4(B) B, SN R AE 655 nm A W SO 04 53 FE U553 , IR W AE S g ol 8 v

Fe,0, 4L H,0,7/£ T - OH.
0.20 0.36
£V [—T«0INTs+TMB A — With i 1 B
—RINE R *) IR ®)
0.15 |70 TMB 0.30
Q Q
g g 024
3 0.10 ESS
=] o
2 2 0.18
< 0.05 <
| o
0F ) ) I I
500 600 700 800 500 600 700 800
Wavelength/nm Wavelength/nm

Fig. 4 UV-Vis absorption spectra of different systems(A) and the Fe,O,-HNTs+H,0,+TMB system
before and after the addition of isopropanol(B)
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2.4 GOx@Fe,0,-HNTs £ &1 T Bk & M B

XFET il 45 1) GOx@Fe0,-HNTs & A T3 ) AL TR REIEA T T 2842 NI S(A) BN, FEJCHIZ B
o, TMB /A7 25T, 76 655 nm A JEAG AGHI 2 AH L A WA 5 1717 24 GOx@Fe,0,-HNTs , 4% 4 Al TMB
[ AELERT , RVAR ZRE 655 nm ALK B FFAE IS , 2P AEA R A TMB AETEM 2544 T, BATH
BN B GOx B Sk AL R A0 A A AP IR 1 H,0,, 22 )5 e BE P 1) Fe, 0, i1k H,0, SR A TS 1
H H 3% -OH, )i - OH E ALY TMB 7= A AR A AR ox TMB , M (3 15 P TG (828 Ry i

Bif5 , LA GOx@Fe,0,-HNTs & & 1HHE F GOx+Fe,0,-HNTs W FIR 1K 2 520t 4 , WF9Y T e
TE B GOx X T Ak 0 29 B e R 2 . NIEI 5 (B) ~ (D) AT LAE i, AR A SO 5614 F
GOx@Fe,0,-HNTs & &l BE A R 1E 655 nm Ab W5 B 2 GOx+Fe,0,-HNTs W BR G R R 11 2. 545,
HCEE AL A VG PESR 5 T 2. 21 4%, H 30 min P GOx@Fe,0,-HNTs {4 2 % 5 37 33 5 P T GOx+Fe,0,-
HNTs &%, &L Fe,0,-HNTs HHEEE | 15 GOx FHI1H GOx@Fe,0,-HNTs {2 52 i 2 HAT AR 5 1 il
TR Mk fE . 5 R S 4 1 Y GOx 5 Fe,0,-HNTSs Z [A] A% -5 45 MITE i T — 1~ B A9 I
N fE (A5 GRIBAE Ab Sy 4 BRI T i/ NS [T AR R AR B T ORI . G OK g A B3 P 4 22 [
PRI 5, DR IR 28 1 2 I 118 GO A 8 2 AR i 07 7™ 2 1Y) HL,0, BE N7 B 5 Fe,O,-HNTs #E47 S0, FRAIE T
H,O, 9 H0RT F 43, DA TTTBE 5 1 02 2006 S 1 i AR R0

0.41(A) — GOx@Fe;0,-HNTs+TMB 0.3 L(B) — Glucose+GOx@Fe:0:-HNTs+TMB
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Fig. 5 UV-Vis absorption spectra of GOx@Fe,0,-HNTs+Glucose+TMB, GOx@Fe,0,-HNTs+TMB and
GOx@Fe,0,-HNTs+glucose systems(A) and of glucose+GOx+Fe,O,-HNTs+TMB and glucose+
GOx@Fe,0,~-HNTs+TMB in 0. 1 mol/L. NaAc-HAc buffer(B), cascade reaction enzymatic activi-
ties of GOx+Fe,0,-HNTs and GOx@Fe,0,- HNTs(C), and absorbance - time curves of Fe,O,-
HNTs+GOx and GOx@Fe,0,-HNTSs in 100 mmol/L glucose(D)

2.5 GOx@Fe,0,-HNTs € & EHNEEF IR

2.5.1 HEH K wONE 0 RN PR E B e A S COx@Fe,0,-HNTs Jiz A4 28 H SR A Ak 2 g 1)
REHESRUR , 28 T A A B I AR XS T GOx@Fe,0,-HNTs [ W AR Z AR5 . G 6 (A) s,
Wit 2 oy 1A 3 TR AT R A B BT 22, DR AL S 3 T S RS RS el N, M A
(0. 1 mol/L) PRI 47 300 L B, S iR 3R BAT e AR S i vt M . RS, 76 S AR A WS i 45
T, FBEET FIAEA SO B B ERR A BB R NI 6(B) AT LAE H, 2848 80 min J&5 5L 326 217 .
I, L300 WL Al # 2 B 02 F0 80 min 521w I [ hy J 25256 45428 .
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Fig. 6 Relative activity with different addition amounts of glucose solution(0. 1 mol/L)(A) and at different
reaction time(B) for cascade reactions in GOx@Fe,0,-HNTs microcapsules
252 A L XTI A I RO R & GOx@Fe,0,-HNTs FIKSRFGEA 7 GOx+HRP 7EA[F]
pH LR IE A P 1B 056 1 2 B B s VEHEA T 58 0T 7 (A A% . 24 S BT HR E 5 T 60 °C
5, GOx+HRP KARWEHA R AL TG 1 B AR, AT GOx+HRP KRR, GOx@Fe,0,-HNTs & & il JE 1E
30~90 Cil FEARMF T RI T AL AR EPE . B T(B) AT LI, YRR R A pHAE N 3. 5~
6. 0, GOx@Fe,0,-HNTs 5 5 e R HEALIE MR IR AR FFTE 80% LI L, T GOx+HRP RARFEA R [ i1k
I TELE pHAEIA S 4 LUS 2UR TR WA RS, Frilil 4 59 GOx@Fe,0,-HNTs S5 S 1 4% HE R AR T 25
Tt LA B g PO R B 324

253 fgfaEnmELMEAE X H GOx@Fe,0,-HNTSs {2 52 1 w1 B i A7 F s 1k A0 B 42 8

11725, WME7(CORD)FIR, X4 GOx@Fe,0,-HNTs & A it 7 AL SN I, LR AL
@1}3?{%%’ 50% LA L, H GOx@Fe,0,-HNTs S5 EBETE 4 "CF #4130 d Ji BYAR XS B VEATTRE LR 90%
PLE L T RO BAT B i S8Rk v, s o mDSOR AR AIE 5 i g 50 ) 490 DK il - 9K T ol 28
S 8 2 L A D00 S5 o I A P AR A A S P T A R Ml PR AR O AL S R A, A ) T HE Tl A
SEBRIVH
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Fig. 7 Temperature stability(A) and pH stability(B) of GOx@Fe,0,-HNTs and GOx+HRP, recyclability of
GOx@Fe,0,-HNTs(C) and storage stability of GOx@Fe,0,-HNTs and GOx+HRP(D)
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254 BERMWEASHFE N T W COx@Fe,0,-HNTs & & MR AL YERE , 25T

P AL S (A ZS 3 114 280 . B Michaelis-Menten J7 2 M1 28 (O SURI O 2L, DUk BE BRI Ak
B, SN0 BE AR (o) PN AR AR, 4331 22 T TR e P GO A A BT 8 26 W FH 8 BE T e, O, A 4E HLO, Y
Lineweaver-Burk [, IFRBUHAR S J15-280. IR 8 FIZE 1 Al 1, TE#] A S AL B AL AL A5 2 b
A H,0, U, HER R B(K ) K 831. 6 mmol/L, KT Fe,0, /4L H,0, 53 i K, 8(159. 4 mmol/L) ,
FHH H,0,5 Fe,0, Z [R5 A1) &5 F GOx S A W Z [RIA5E 17, UFBAFE AR S S AR 2R v, 4
RS E R SIRAT COx 45 54 H,0,, Z )5 H,0,55 Fe,0, ) i 7”4 - OH I-AL I TMB i 2, .
AR, GOx AL HE ™ A H,0, SN B K% 1. 5 mmol*mL™" »min™, KF Fe, 0,44k H,0,45 1%,
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Fig. 8 Step-by-step Lineweaver-Burk diagrams of the cascade reactions of GOx-glucose(A) and Fe,O,-H,0,
(B) for GOx@Fe,0,-HNTs microcapsules
Table 1 Michaelis constant(K,) and maximum velocity(v,,) of GOx-glucose and Fe,0,-H,O, in

GOx@Fe,0,-HNTSs microcapsules

Catalyst Substance R K, /(mmol - L) v,/ (mmol - ml " min™")
GOx Glucose 0.993 831.6 1.5
Fe,0, H,0, 0.996 159.4 0.3

1RSI IR b, 2 S T RN R A A A TMB W 4 R, GOx@Fe,0,-HNTs 3% 2 Jif
TP S AR RIERAS SN )12, 15 GOx+HRP REIRMH A R EATXS L. (B9 FIZR 2 I AT, GOx@Fe,0,-
HNTs 52 F5 {3 X 45 28 B A TMB P FRES 9 0 3 A1 77 (K,=99. 94, 1. 95 mmol/L) #JIF GOx+HRP K AR i
R Z (K ,=2. 13, 0. 47 mmol/L) , T % 4 24 4 F1 TMB Ji& 9 1) f K B2 v 3 % v, (0. 38, 0. 35 mmol * mL™" -
min™) KT GOx+HRP REREHA R (V,,=0. 17, 0. 19 mmol *mL™" *min™). X FH] L HAG S A AL YRS 1
F) Fe,0,-HNTs VE A TUBERE R, ANE AT LA B 26 S iy AL e 22 Ak 5 71, i LIS REAS Ry iy 3 1Lk
FN 25 ], GOx AT [ 72 AL Ab B4R 58 T GOx 5 Fe,0,-HNTs =2 [A] (AL B IR 25, {145 500w A= L H,0, B %
EFEEM H Y Fe, O, H2 il & A AL OB, AT DA KB /b 1,0, 99 5IORT A 43, TR 1= g AR
F, TR A R S L AL PR R

v /(mL-min-mmol)
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Fig. 9 Lineweaver-Burk plots of GOx@Fe,0,-HNTs microcapsules and GOx+HRP system at different

concentrations of glucose(A) and TMB(B)
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Table 2 Michaelis constant(K,) and maximum velocity(v,,,) of GOx@Fe,O,-HNTs microcapsules and

GOx+HRP system
Catalyst Substance R? K, /(mmol - L™ v, /(mmol-mL™" min™")
GOx@Fe,0,-HNTs Glucose 0.979 99.94 0.38
TMB 0.993 1.95 0.35
GOx+HRP Glucose 0.995 2.13 0.17
TMB 0.996 0.47 0.19

2.6 GOx@Fe,0,-HNTs £ 5 EHEEFER N

N T #E—HAEH GOx@Fe;0,-HNTs & A 1 S W AR R A 5 I AL G006 S B R R, FE P Ak 2544 T
9% T HR ARSI S B8 . AE RV AR BRI N 37 °C, pH=4 RS F , H5 A ] e B 1 78 26 1 7% I 3]
GOx@Fe,0,-HNTs Sk S (A 2 . ML 1O CA) BT LA HY , Bl A0 A S ok B8 A 388 K, SO A R 7
655 nm Ab IR HE BTG, LA n g .t 10(B) RTAT, 2N 4 F (W IO 1 5 4 4
W (e P SR 2R e 2R 2 y=0. 00417x+0. 1125(R*=0. 9817 ) , AH W it 4 4 B 46 H1 B (LOD) 9 0. 65 wmol/L,
FEIL B HRTIN R A, AL Fe,0,-HNTs S RERER BHRe GOx FIrAL) £ 1) 52 6 Tl I o i 6 7 A
4 b A I A LA T A

1.0
A) & 1.0 F®)
—200 pmol/L pr
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Fig. 10 UV-Vis absorption spectra and corresponding digital photo(inset) of cascade reactions of GOx@Fe,0,-
HNTs with the glucose concentrations from 1 pmol/L to 200 pwmol/L(A) and the linear calibration

curve of glucose detection at 655 nm(B)

3 & i

L GOx Hl Fe,0, 43 FIVE R K AR BE RGN AR , B GOx 15525 T 20K L4 HNTs 171 2 /) Fe,0,-HNTs [
i, 3 COx@Fe,0,-HNTs 5 A Gl SO W 2 . I AT AT BRI, A0 48 N 1% GOx i Jefifb Ak i 4
WA B 2 R R 1,0, SRS HLO, B JEBE Hh Fe, O, AL S AL BUEE A Fi 3% - OH, -OH #E I ALK
TMB 7521 i (4 F A1 ox TMB, M AR EEAS 2] AR T -4 K BB SIBCAEA L R VAR 2R . 5 0 B Tl S 0 AR 2R
FH, GOx@Fe,0,-HNTs & 25 1 S0 I i 1k 22 e B0 HS SO0 S AR R0 | 0w s 1k DA S i e pa
P, U PR b R AT B 0 PN S T LK GOx 28 oy, i A5 v R (R 0 9 Hiwldne /M, AT
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